Many studies have been made on the subduction of the Pacific slab and the magmatism in northeastern Japan, but not on the subduction of the Philippine Sea slab and the magmatism in southwestern Japan. Primary reasons may be that seismological networks in southwestern Japan were sparse as compared with those in northeastern Japan and that geology including volcanism of southwestern Japan is more complicated than that of northeastern Japan. However, recent instrumental development of dense seismological networks in the Japanese Islands has provided us with high quality data not only for northeastern Japan but for southwestern Japan. One of the outcomes from the development is the increase of accuracy of arrival time readings of P-and S-waves and resultant hypocenter determination. We attempt to elucidate fine image of the uppermost mantle structure beneath the Japanese Islands and to find evidence for the relation between the magmatism and subduction process. We apply travel time tomography to 216,247 P-and 98,207 S-wave arrival times observed at 1,328 seismic stations from 5,242 earthquakes in and around the Japanese Islands, and obtain three-dimensional variations of P-and S-wave velocity structure. In Chubu and Kyushu, the subducting Philippine Sea slab bends downward in the depth range of 50 to 70 km. In some nonvolcanic regions, remarkable anomalies of high Poisson's ratio (and low S-wave velocity) are seen in the depth range of 25 to 40 km near the upper boundary of the Philippine Sea slab or the Moho discontinuity, and approximately coincide with the hypocenter distribution of deep low-frequency earthquakes. The anomalies of high Poisson's ratio are also seen near the upper boundary of the Philippine Sea slab or the overlying mantle wedge down to a depth of about 60 km, but are not seen after the downward bending of the slab, in the forearc region. The anomalies are probably caused by separated fluid or hydrous minerals. These characteristics should be taken into account in numerical modelling of the subduction of young slabs (e.g., Philippine Sea slab) and associated phenomena (e.g., magmatism).
Introduction
In the Japanese Islands, the young Philippine Sea plate (PHS plate) is subducting from the southeast beneath the Eurasian plate, and the old Pacific plate (PAC plate) is subducting from the east beneath the PHS and Eurasian plates (Fig. 1) . The subduction of the PHS and PAC plates causes complicated surface geology and the lateral heterogeneities in the upper mantle beneath the Japanese Islands.
Many Quaternary volcanoes occur in the Japan arcs ( Fig. 1) . In Tohoku, a clear volcanic front is formed parallel to the Japan Trench, and coincides with the 110 km isodepth line of subcrustal earthquakes occurring in the PAC slab. This fact suggests that the subducting slabs play important roles in the arc volcanism, thus many petrologists have proposed possible models which explain the magma generation in subduction zones (e.g., Tatsumi, 1989; Iwamori, 1998; Mibe et al., 1999) . Iwamori (1998) has argued from numerical simulations of fluid migration that nearly all the H 2 O expelled from a cold slab (∼130 Myr) is hosted by serpenCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. tine and chlorite at the base of the mantle wedge right above the subducting slab, and then is released at a depth of about 150 km with the breakdown of serpentine and is transported upwards to cause partial melting of the mantle wedge on the backarc side. Mibe et al. (1999) have obtained the experimental relation between the dihedral angle at the triple junctions between mineral grains and aqueous fluid in the mantle wedge, and then have suggested that the magmatism beneath the volcanic front is initiated in the region where interconnected network of H 2 O is formed and the aqueous fluid is supplied from downdragged hydrous peridotite. These models of magma generation in subduction zones indicate the necessity of the following two processes: the transfer of hot mantle materials from the deeper region by the mantle wedge convection induced by the subduction of the underlying slab, and the generation of fluid by the dehydration of the oceanic crust subducted with the slab which lowers the solidus temperature of mantle wedge peridotite. The interaction of the two processes is considered to result in the arc magmatism.
The results of seismic tomography introduce useful information about the two processes. In Tohoku, seismic tomography has been applied to reveal 3-D velocity structure in the (Ueno et al., 2002). upper mantle, using dense seismic station networks (Zhao et al., 1992; Nakajima et al., 2001) . They found the high velocity (HV) anomalies indicating the PAC slab and the low velocity (LV) anomalies indicating the ascending mantle flow from the deeper mantle wedge in the backarc side to the crust beneath active volcanoes.
In contrast, the mechanism of magma generation related to the PHS slab beneath southwestern Japan is poorly understood. The shape of the seismic PHS slab has been studied from hypocenter distribution of subcrustal earthquakes (Yamazaki and Ooida, 1985; Kinoshita and Nakanishi, 1997; Nakamura et al., 1997; Miyoshi and Ishibashi, 2002; Nakanishi et al., 2002) . However, the analyses of S to P converted waves have suggested that aseismic PHS slab is located beyond the northern edge of the seismic PHS slab (Nakanishi, 1980; Nakanishi et al., 1981; Yamaoka and Nishihara, 1997; Oda and Douzen, 2001) . Numerical experiments on the thermal evolution of subducting slab and mantle wedge suggest that the faster or the more deeply a slab subducts, the more extensively hot mantle materials spread over the mantle wedge (e.g., Kincaid and Sacks, 1997) , therefore the determination of the 3-D seismic structure including the detailed shape of the PHS slab is required to reveal the mantle wedge convection. Obara (2002) has located deep low-frequency (DLF) tremors above the slab surface at depths of about 35 to 45 km along the strike of the dipping PHS slab in nonvolcanic regions in southwestern Japan (beneath Shikoku, the Kii peninsula, and Tokai) (Fig. 1 ) using the data of Hi-net, densely distributed high-sensitivity seismic stations operated by the National Research Institute for Earth Science and Disaster Prevention. Considering the long duration and the mobility of the tremor activity, he has pointed out that the generation of the tremors is related to the movement of fluid liberated by the dehydration of the underlying PHS slab. The knowledge of the behavior of the fluid released from the PHS slab will constrain the modelling of the magmatism for southwestern Japan.
Regional tomographic studies of seismic velocity structure beneath southwestern Japan have provided important information about the PHS slab and overlying mantle wedge Honda Nakamura et al., 2002) . In October 1997, the Japan Meteorological Agency (JMA) upgraded their seismic network and earthquake location method. Tomographic study using a large amount of these high quality arrival time data will provide more reliable uppermost mantle images including the shape of the PHS slab than those in the previous works. The purpose of this study is to determine a fine 3-D velocity structure of the uppermost mantle beneath southwestern Japan by applying a tomographic method to the latest data, and to obtain new knowledge about the subduction and magmatism for the PHS slab.
Data and Analysis Method
The 3-D structure beneath southwestern Japan is the subject of this study, but we use hypocenter data and seismic stations located in and around the Japanese Islands to include the rays penetrating into the deep mantle. Therefore we determine velocity structure beneath southwestern and northeastern Japan.
We use hypocenter and P-and S-wave arrival time data during the period from July 1985 to September 1994 (for about 10 years) reported in the Japan University Network Earthquake Catalog (JUNEC data), from October 1994 to September 1997 (for 3 years) reported in the Seismological and Volcanological Bulletin of Japan published by the JMA (JMA data), and from October 1997 to June 2002 (for about 5 years) processed with close coordination of the JMA with the Ministry of Education, Culture, Sports, Science and Technology (JMME data). The JMME data consist of the records observed by dense seismic station networks covering the Japanese Islands, therefore these data will provide reliable results of velocity structure. The selection of hypocenters is based on the following criteria: (1) The number of initial P-wave arrivals is larger than 30, and that of initial S-wave arrivals is larger than 3. (2) The depth of hypocenter is greater than 33.5 km to remove the influence of head waves, because they are not considered in those arrival time data. (3) The error in origin time is less than 0.5 s, and those in latitude, longitude and depth are less than 5.0 km. We eliminate the arrival times with epicentral distances greater than 10
• or with travel time residuals greater than 5.0 s for P-wave or 10.0 s for S-wave. Consequently we have selected 5,242 earthquakes ( Fig. 2(a) ), 216,247 P-wave arrival times, 98,207 S-wave arrival times, and 1,328 seismic stations ( Fig. 2(b) ).
We use spherically symmetric and continuous velocity model JMA2001 (Ueno et al., 2002) as the reference velocity model (Fig. 3) . The locations of hypocenters reported in the JUNEC data and the JMA data are calculated by velocity model 83A (Hamada, 1984) , and we relocate these hypocenters by using JMA2001 before 3-D inversion. As the model space, we take the longitude range of 128
• E-145
• E, the latitude range of 28
• N-45
• N, and the depth range of 0-500 km. We discretize the model space by grids to represent the 3-D velocity structure, with a horizontal grid interval of 0.25
• × 0.25
• (Fig. 4(a) ), and vertical grid intervals of 10 km to 50 km (Fig. 4(b) ). The use of grid intervals smaller than the above ones leads to inaccurate tomographic images.
Since we adopt the pseudo-bending method (Um and Thurber, 1987) for ray tracing in the heterogeneous earth model, we iterate linear-inversion five times, using ARTB method (Hirahara, 1988) for the solution of observation equations. The original algorithm of the pseudo-bending method is applicable only in the Cartesian coordinates (Um and Thurber, 1987) . In this study, we modify the method and apply it to ray tracing in the spherical coordinates. P-wave and from 1.186 s to 0.404 s for S-wave (Fig. 5) . The RMS of the variations of slowness perturbations also decreases with the iteration (Fig. 5 ). We determine a total of 96,756 unknown parameters simultaneously, consisting of 40,249 P-wave slowness perturbations, 32,883 S-wave slowness perturbations, 5,242 × 4 source parameter corrections, and 1,328 × 2 P-and S-wave station corrections. The structure of Poisson's ratio is calculated from the obtained P-and S-wave velocity perturbations. We use checkerboard resolution test (Inoue et al., 1990) to estimate the reliability of the obtained 3-D structure. The values of assumed checkerboard-type perturbations assigned to each grid are ±3 %.
High Poisson's Ratio Anomalies and Deep Low-Frequency Earthquakes -Horizontal Cross Sections-
Figures 6-10 show the slowness perturbations of P-and S-wave, checkerboard resolutions of P-and S-wave, and Poisson's ratios at five depths of upper 100 km in the crust and mantle. The images at depths of 0 and 10 km lack resolutions because they are determined by nearly vertical rays beneath stations and have trade-off with the station corrections, and we do not show the results on these depths in this paper.
Figures 6(a) and (b) show the slowness perturbations at the depth of 25 km, representing the structure in the lower crust or around the Moho discontinuity. At this depth, the resolutions of P-wave slowness perturbations are good beneath the land, and those of S-wave slowness perturbations are also good beneath the land except in the western part of Tohoku and in the northern part of Chugoku. The poor resolutions are generally due to insufficient lengths and directions of the rays traveling in the areas.
In Fig. 6 (c), we find remarkable high Poisson's ratio (HP) amomalies beneath southwestern Japan, extending from Tokai to the Pacific coast of the southeastern part of Kyushu. These HP anomalies coincide with the 30-40 km isodepth line of the upper boundary of the PHS slab except in the central part of Kinki, and this distribution of the HP anomalies shows fairly good similarity to that of the DLF earthquakes reported by Obara (2002) in Tokai and Shikoku. He suggests that these DLF earthquakes are generated by the moving fluid near the upper boundary of the PHS slab or the Moho discontinuity. Therefore the HP anomalies in these regions ( Fig. 6(c) ) may be the evidence for the fluid.
The DLF earthquakes are seen in the JMME data as well ( Fig. 11(a) ). Considering the locations of epicenters, we divide them into two groups: DLF earthquakes generated by the influence of magma in volcanic regions and those generated by the influence of fluid in nonvolcanic regions. Figure 11(b) shows the depth distribution of the DLF earthquakes seen in the JMME data for volcanic regions and nonvolcanic three regions. The DLF earthquakes are located mainly in the depth range of 25-35 km in Shikoku where the HP anomalies are seen at the depth of 25 km in Fig. 6 (c).
In the southern part of the Kii peninsula where notable HP anomalies are not found at the depth of 25 km, the DLF latitude, and depth. Therefore this high correlation may be considered as significant. The correlation is not significant beneath active volcanoes in Tohoku, Kanto, Chubu, and Kyushu. Beneath active volcanoes, the DLF earthquakes are located mainly in the depth range of 10-35 km (Fig. 11(b) ). We find no clear HP anomalies at the depth of 25 km (Fig. 6(c) ), but clear HP anomalies spread at the depth of 40 km (Fig. 7(c) ). Since LV anomalies of S-wave appear at the depth of 25 km beneath active volcanoes, we cannot deny the presence of magma or fluid at this depth. The mechanism of the generation of the DLF earthquakes in volcanic regions may be different from that in nonvolcanic regions: the local ascents of melt or volatile materials such as H 2 O and CO 2 from magma chamber under the Moho discontinuity might generate the DLF earthquakes in volcanic regions. However, the identification of the gen- eration mechanism is beyond the scope of the tomographic study in this paper. Few DLF earthquakes have been observed off the Pacific coast of Kyushu ( Fig. 11(a) ) where prominent HP anomalies appear at the depth of 25 km (Fig. 6(c) ). It must be due to poor detectability for the DLF earthquakes in this region: small amplitudes of the DLF earthquakes make it difficult to observe them in the offshore region of Kyushu by the present network deployed in land. Network of ocean bottom seismometers is required to solve this problem. The average of magnitudes of the DLF earthquakes in nonvolcanic regions reported in the JMME data is 0.8. We show the relation between the HP anomalies in nonvolcanic regions and the PHS slab later in the vertical cross sections of the slowness perturbations.
At the depth of 60 km (Fig. 8) , LV anomalies of both Pand S-wave are running along the volcanic front from Tohoku to the Izu peninsula. HV anomalies of both P-and S- wave corresponding to the subducting PHS slab are clearly seen beneath Shikoku Island, and the anomalies of S-wave are clear also in the result of Chugoku. However, in the northern part of Chugoku, the resolutions of both P-and S-wave are low. In the images of S-wave slowness perturbations, remarkable LV anomalies are located in the Kii peninsula in the middle of the continuous HV anomalies corresponding to the PHS slab. This unusual feature appears also in the images of P-wave slowness perturbations and in the results of Zhao et al. (2000a) and Yamane et al. (2000) . In the result of P-wave slowness perturbations, the HV anomalies indicating the PHS slab extend from the southeastern to the northwestern part of Chubu. The shape of the aseismic PHS slab inferred from our tomographic study coincides with that estimated from the analysis of S to Sp conversion by Yamaoka and Nishihara (1997) . At the depths of 80 km (Fig. 9 ) and 100 km ( Tohoku, to the eastern rim at the depth of 80 km and to the volcanic front at the depth of 100 km. In the mantle wedge, LV anomalies are remarkable. Similar features of the velocity anomalies are seen in Kyushu: The HV anomalies indicating the PHS slab reach volcanic front at the depth of 100 km. In the middle part of Chubu and Kanto, the HV anomaly belt is running in the east-west direction at the depth of 100 km on the southern side of the active volcanoes including Hakusan Volcano, Ontake Volcano, and Asama
Volcano. This HV anomaly belt may indicate the aseismic PHS slab subducting at a high angle from the south.
Subduction of PHS Slab -Vertical Cross Sections-
We show the vertical cross sections of the slowness perturbations, checkerboard resolutions, and Poisson's ratios for the five profiles indicated in Fig. 12 . The location and direction of these profiles are selected based on the hypocenter distribution of subcrustal earthquakes in order to delineate the shape of the PHS or PAC slab in each typical subduction region. In the vertical cross sections (Figs. 13 to 17) , the presentation of the checkerboard resolution is different from conventional one adopted in the horizontal cross sections (Figs. 6 to 10). The ratio of the obtained slowness preturbation with respect to correct one is presented in precent.
Positive and negative signs mean that the obtained slowness perturbations show the same and opposite signs to the correct one, respectively. Thus 100 percent with positive sign indicates complete resolution. Figure 13 shows the vertical cross section A-A' in the southern part of Tohoku through Nasu Volcano. Along this profile, the DLF earthquakes are located beneath the volcanic front or its back arc region, and cluster nearly vertically. The vertical clustering of the DLF earthquakes is often observed in volcanic regions. It may be due to the ascent of melt or volatile materials. We find thick HV anomalies indicating the PAC slab and LV anomalies suggesting the ascent of hot mantle flow in the mantle wedge. This result is consisitent with recent tomographic studies on this region (Zhao et al., 1992; Nakajima et al., 2001) . Figure 14 shows the vertical cross section B-B' through the Norikura volcanic zone in Chubu (Fig. 12) . Along the Norikura volcanic zone, high-K lavas are observed (e.g., Kaneko, 1995) , which supports the idea that the volcanism on the back arc side of the northeastern Japan arc is caused by the PAC slab. However, considering the activity of the volcanoes and the chemical composition of the lavas, Kimura and Yoshida (1996) suggest that the Quaternary volcanism along the Norikura volcanic zone is generated by the PHS slab subducting from the south. We examine the possibility of the magma generation from the PHS slab in this region. We can delineate the upper boundary of a seismic slab from hypocenter distribution of subcrustal earthquakes. The seismic PHS slab subducts at a low angle to a depth of about 50 km, and then bends downward and subducts at a high angle to a depth of about 70 km right before Ontake Volcano, the southern end of the Norikura volcanic zone. In the figure of the P-wave slowness perturbations (Fig. 14(a) ), we find HV anomalies indicating the PHS slab right beneath the subcrustal earthquakes with a low dip angle, but no HV anomalies beneath the subcrustal earthquakes near downward bending. The clear HV anomalies continue from the seismic PHS slab to a depth of about 150 km and may be considered as the aseismic continuation of the PHS slab. The aseismic PHS slab subducts at a high angle and reaches right beneath Ontake Volcano. The absence of the HV anomalies near downward bending and the high dip angle of the aseismic part are also seen in the result of Nakamura et al. (2002) . The PHS slab extends to the southern end of the Norikura volcanic zone, but does not underlie the whole volcanic zone. Thus the PHS slab does not seem to induce convective circulation in the mantle wedge beneath the Norikura volcanic zone. The LV anomalies beneath the volcanic zone, probably representing the high temperature condition of the upper mantle beneath Chubu, may be caused by the subduction of the PAC slab from the east, and influence the brittle-ductile transition of the PHS slab. The aseismic part of the PHS slab below 100 km ( Fig. 14(a) ) is characterized by HP anomaly (Fig. 14(c) ). The DLF earthquakes in nonvolcanic regions are located near the upper boundary of the PHS slab or in the mantle wedge, or near the Moho discontinuity, in the depth range of 30-50 km (Fig. 14) . The vertical clustering of the DLF earthquakes is clearly seen in volcanic regions, but not in nonvolcanic regions (Fig. 14) . In the figure of Poisson's ratio (Fig. 14(c) ), we find the coincidence of the HP anomalies and the DLF earthquakes in nonvolcanic region, as already mentioned on the horizontal cross sections. The HP anomalies in this region may indicate the presence of fluid which generates the DLF earthquakes. However, the HP anomalies are seen all over the upper boundary of the PHS slab to a depth of about 60 km, and it is unlikely that all the HP anomalies are caused by the separated fluid. Probably the HP anomalies in the south from the DLF earthquakes (Fig. 14(c) ), shallower than the Moho discontinuity, represent hydrated basaltic or gabbroic oceanic crust overlying the PHS slab. Basalt and gabbro show high Poisson's ratios (∼0.29) at 1 GPa (Christensen, 1996) . The thickness of the oceanic crust is 5-10 km (Takahashi, 2000) , but the grid interval in the vertical direction at this depth is 15 km, therefore we must have obtained a little blurred image of the oceanic crust. We suggest that the fluid released from the subducting oceanic crust generates the DLF earthquakes.
We can interpret the HP anomalies in the north from the DLF earthquakes (Fig. 14(c) ) in the following two ways. First, the hydrated oceanic crust mentioned above may subduct to deeper region. Hori et al. (1985) show that basaltic oceanic crust subducts with the PHS slab down to at least the depth of 50-60 km beneath Chubu and the Kii peninsula from the analysis of P and S later phases. This depth approximately coincides with the edge of the HP anomalies. Second, hydrous minerals, such as serpentine and chlorite may be formed at the base of the overlying mantle wedge by the fluid released from the oceanic crust, and be brought down to deeper region with the subduction of the PHS slab (e.g., Iwamori, 1998) . Kamiya and Kobayashi (2000) interpret HP anomalies in the depth range of 20-45 km near the upper boundary of the PHS slab beneath Kanto as serpentinized peridotite. However, the value of Poisson's ratio obtained in our study is not so high as that of serpentine from laboratory measurements (∼ 0.35) (Christensen, 1996) . This discrepancy might be due to the localization of serpentine or the adoption of the threshold value (±10 %) of the slowness perturbations in our study. Serpentine is stable up to about 2 GPa, an equivalent depth of which is about 60 km under normal temperature conditions (Uto and Tatsumi, 1996) , and this depth also coincides with the edge of the HP anomalies.
We cannot conclude which is the main cause of the HP anomalies near the upper boundary of the PHS slab only from our tomographic study because of the limit of resolution. However, both of the two interpretations indicate the presence of hydrous minerals which transport H 2 O to deeper region. The HP anomalies extend to the region where the PHS slab bends downward right before Ontake Volcano, and disappear after that. H 2 O may be transported down to this area with the subduction of the PHS slab. The downward bending of the PHS slab appears also in Kyushu, and may exhibit a certain boundary of physical properties of the PHS slab, which will be discussed later on. The HP anomalies disappear before the Norikura volcanic zone, accordingly a certain mechanism of the northward long-distance migration of fluid from the edge of the HP anomalies is required if the fluid is supplied to the mantle wedge beneath the Norikura volcanic zone. Figure 15 shows the vertical cross section C-C' in Kinki including the Kii peninsula (Fig. 12) . There is no indication of Quaternary volcanism in the Kii peninsula. The seismic PHS slab subducts to a depth of about 70 km at a higher angle than that in Chubu (Fig. 14(a) ). In the figures of both Pand S-wave slowness perturbations, subcrustal earthquakes are located in the LV anomalies beneath the Kii peninsula. This characteristic is seen also in the result of Seno et al. (2001) . Prominent P-wave HV anomalies indicative of the PHS slab are not apparent in Fig. 15(a) . The resolutions are good for the region (Fig. 15(d) ), thus these images are reliable. Probably these features are caused by the concentration of fluid: in this region, the young PHS slab subducts at a high angle, and the dehydration of oceanic crust occurs in a narrow zone. A large amount of fluid in a narrow zone has influence on the results of tomography. Seno et al. (2001) suggest the serpentine dehydration as the origin for the low velocity anomaly beneath the Kii peninsula. Wakita et al. (1987) observe anomalously high 3 He/ 4 He ratios from the natural gases in nonvolcanic Kinki, and suggest the presence of shallow magmatism. Probably a large volume of fluid of deep origin mentioned above contributes to the high emanation of 3 He. HP anomalies are located with the DLF earthquakes at a depth of about 25 km beneath the middle part of Kinki, and they might indicate the sources of the high-3 He gases. Figure 16 shows the vertical cross section D-D' in Chugoku and Shikoku through Sambe Volcano (Fig. 12) . Quaternary volcanoes are distributed in a line in the northern part of Chugoku. Hypocenter distribution of subcrustal earthquakes suggests that the seismic PHS slab subducts nearly horizontally to the southern part of Chugoku to a depth of about 50 km. The HV anomalies of P-and Swave indicating the seismic PHS slab are located beneath the southern part of Chugoku. In the figure of the P-wave slowness perturbations (Fig. 16(a) ), we find the aseismic PHS slab subducting to the northern area at a higher angle than the seismic one, to a depth of about 60 km. Similar shape of the PHS slab is obtained by Shiomi (2002) , Shiomi et al. (2002), and Yamauchi et al. (2003) from receiver function analyses. However, the resolutions are not good for the mantle beneath Sambe Volcano in the northern part of Chugoku (Figs. 16(d) and (e)), where the aseismic continuation of the PHS slab has been suggested (Nakanishi, 1980; Nakanishi et al., 1981) .
Thin HP anomalies and S-wave LV anomalies spread right above the upper boundary of the PHS slab as seen in Chubu, and may indicate the presence of hydrous materials such as basaltic or gabbroic oceanic crust and serpentinized peridotite as mentioned above. Ohkura (2000) analyzes P and S later phases and suggests the presence of oceanic crust and the absence of mantle wedge beneath the central and the southern part of Shikoku. Therefore the HP anomalies and S-wave LV anomalies in this region may indicate the oceanic crust of the PHS slab. The occurrence of the DLF earthquakes in the northern part of Shikoku may be related to the presence of narrow mantle wedge above the slab. Some studies argued that the volcanism in Chugoku had been caused by the upwelling of mantle materials associated with the opening of the Sea of Japan, from analyses of eruption volume, chemical composition, and K-Ar dating of rocks (e.g., Iwamori, 1989; Uto, 1995) : they suggested a possibility that the magmatism had not been caused by the subduction of the PHS slab.
The limited resolution for the velocity structure of the northern part of Chugoku prevents us from reaching rigid answers to the important questions whether the subduction of the PHS slab caused the volcanism in the northern part of Chugoku, whether the aseismic PHS slab reached the mantle beneath Quaternary volcanoes and induced the effective mantle wedge convection, and whether H 2 O was transported there with the subduction of the PHS slab.
However, we can deny a shallow subduction of the aseismic PHS slab beneath Quaternary volcanoes in northern Chugoku. In the central Andes, volcanoes exist in the area where slab subducts at a moderate angle, but no volcano in the area where slab subducts nearly horizontally. Con- sidering this fact, Isacks and Barazangi (1977) pointed out the importance of ascending high temperature flow from deeper mantle caused by the induced convection, in subduction magmatism. If aseismic PHS slab with a low dip angle had existed in the northern part of Chugoku, volcanism would not have occurred there; the PHS slab would not have induced effective mantle wedge convection, and would have interrupted possible upwelling of mantle materials. Therefore the aseismic PHS slab may subduct at a high angle in the northern part of Chugoku if the subduction of the PHS slab is a cause for the volcanism. Tomographic studies using teleseismic events will provide us with important information for the volcanism in this region (e.g., Ochi et al., 2001) , because the arrival time data from teleseismic events improve the resolution of the upper mantle beneath the Japan Sea side of the Chugoku region. Figure 17 shows the vertical cross section E-E' in the northern part of Kyushu through Aso and Kuju Volcanoes. Clear volcanic front is formed by active volcanoes in this region, which is very different from the other regions in southwestern Japan. The seismic PHS slab subducts at a high angle to a depth of about 70 km, and then bends downward and subducts nearly vertically to a depth of about 150 km. We find the HV anomalies indicating the PHS slab down to a depth of about 150 km, but the resolutions are poor at depths greater than 150 km. In the results of both P-and S-wave slowness perturbations (Figs. 17(a) and (b) ), remarkable LV anomalies are seen on the forearc side of the mantle wedge right above the PHS slab, indicating the presence of aqueous fluid or melt. These LV anomalies extend to near the Moho discontinuity beneath active volcanoes. The LV anomalies imaged in the present study are shallower and closer to the Nankai trough than those obtained by Zhao et al. (2000b) . The concentration of dehydration reactions occurs due to the high dip angle of the PHS slab, and weakens the HV anomalies indicating the underlying PHS slab in the depth range of 50-70 km. The LV anomalies in the forearc mantle wedge disappear near the region where the PHS slab bends downward, the same as in Chubu, therefore the supply of fluid to the mantle wedge does not occur at depths greater than about 70 km.
In the figure of the P-wave slowness perturbations ( Fig. 17(a) ), we find notable LV anomalies on the backarc side of the mantle wedge in the depth range of 70-140 km. No apparent LV anomalies of S-wave are seen there, therefore the LV anomalies of P-wave do not show the presence of fluid or melt, but show high temperature condition of the mantle wedge. The effective mantle wedge convection due to the deep subduction of the PHS slab causes the ascent of hot mantle materials from deeper region. The volcanism in Kyushu has the advantages of the fluid concentration and the effective mantle wedge convection, compared to the volcanism in the other regions of southwestern Japan, therefore the volcanism in Kyushu is active.
Seismological Constraints on Magmatism in Southwestern Japan
Our study of travel time tomography has shown the following characteristics of the uppermost mantle structure, including the PHS slab, beneath southwestern Japan.
In some nonvolcanic regions, remarkable HP anomalies are found in the depth range of 25-40 km near the upper boundary of the PHS slab or the Moho discontinuity, and coincide with the hypocenter distribution of the DLF earthquakes, suggesting the presence of fluid released from the underlying PHS slab. The HV anomalies indicating the PHS slab are imaged along the hypocenter distribution of subcrustal earthquakes, and the dip angle and the leading edge differ from region to region. The HP anomalies (and the LV anomalies of S-wave) are located not only in the region where the DLF earthquakes occur, but also all over the upper boundary of the PHS slab or the overlying mantle wedge down to a depth of about 60 km, which may suggest the presence of separated fluid or hydrous minerals. Especially in the regions where the PHS slab subducts at a low angle, such as Shikoku and the southern part of Chubu, the HP anomalies indicative of hydrous minerals are observed as a thin layer right above the PHS slab, which indicates the northward transportation of H 2 O with the subduction of the slab. In the regions where the PHS slab subducts to deeper area, such as Chubu and Kyushu, its downward bending occurs in the depth range of 50-70 km. The HP anomalies near the upper boundary of the PHS slab disappear near the downward bending.
Basalt and gabbro which are the main components of the oceanic crust are transformed into eclogite under high pressure conditions, accompanied with the increase in density and the dehydration. Hori et al. (1985) point out that the PHS slab with the basaltic oceanic crust has positive buoyancy and that with eclogitic oceanic crust has negative buoyancy. The downward bending of the PHS slab in the depth range of 50-70 km shows a certain boundary of physical properties of the slab, therefore it is conceivable that this downward bending is caused by the increase in density of the oceanic crust due to the basalt-eclogite transition with the subduction of the PHS slab. Hurukawa and Imoto (1993) find a non double-couple earthquake, which is considered to be due to the sudden volume contraction, at a depth of about 60 km in the oceanic crust of the PHS slab in Kanto, and conclude that gabbroor basalt-eclogite transition in the oceanic crust caused this earthquake. The depth of the downward bending of the PHS slab estimated in our study is consistent with the depth of the non double-couple earthquake.
In contrast, we find no obvious downward bending of the PAC slab beneath Tohoku, where the PAC slab subducts with a constant dip angle. It may be due to the fact that the oceanic crust occupies a small volumetric proportion of the PAC slab. Most of the PAC slab consists of the mantle composition, thus the influence of basalt-eclogite transition in the oceanic crust upon the subduction geometry of the PAC slab is small. However, the subduction geometry of the PHS slab in southwestern Japan is greatly affected by the sudden density change of the oceanic crust which occupies a considerable volumetric proportion of the PHS slab. The driving mechanism of the PHS slab composed of the two parts of the oceanic crust with positive and negative buoyancy should be different from that of the PAC slab subducting at a constant dip angle. Therefore in case of the deep subduction of the PHS slab, a different pattern of convection flow might be induced in the mantle wedge beneath southwestern Japan.
The HP anomalies (and the LV anomalies of S-wave) are found near the upper boundary of the PHS slab or the mantle wedge down to a depth of about 60 km, and may suggest the presence of hydrous minerals, such as serpentinized peridotite and basaltic oceanic crust which transport H 2 O northward with the subduction of the PHS slab, or separated fluid released from them. We have not found yet a rigid answer to the question how and where the fluid is supplied from the hydrous minerals to the mantle wedge, but the supply of the fluid appears to end near the downward bending of the PHS slab, in the forearc region.
Analyzing phase conversion of body waves, Matsuzawa et al. (1986) show the presence of a thin low velocity layer on the surface of the PAC slab in the depth range of 60-150 km beyond the volcanic front in northeastern Japan, and interpret it as gabbroic oceanic crust. Their result suggests that fluid can be supplied from the PAC slab in both forearc and backarc regions, or beneath volcanic front. However, this low velocity layer has not been detected in studies of travel time tomography for Tohoku, probably because of the limit of resolution (e.g., Zhao et al., 1992; Nakajima et al., 2001) . Thus the question about how and where the fluid is supplied to the mantle wedge has not been answered in their studies either. On the other hand, the supply of the fluid from the PHS slab is limited to the mantle wedge in the forearc region in southwestern Japan. In the northern part of Kyushu, clear volcanic front is separated from the location of the fluid supply from the PHS slab, which suggests the lateral migration of the fluid and/or melt generated by the influence of the slab.
Conclusions
We summarize the remarkable characteristics of the PHS slab which are different from those of the PAC slab.
(1) The PHS slab bends downward in the depth range of 50-70 km, probably due to the increase in density of the oceanic crust caused by the basalt-eclogite transition with its subduction. (2) The supply of the fluid from the hydrous minerals overlying the PHS slab is limited to the mantle wedge in the forearc region, before Quaternary volcanoes.
These features have great influence on the subduction magmatism. Large regional differences of the subduction magmatism may have occurred in southwestern Japan because of the immatureness of the PHS slab, therefore it is still difficult to model the magmatism. However, the above two characteristics may be useful as the constraints on the modelling of the subduction and magmatism for southwestern Japan.
